Abstract. The correction of faded colors in old pictures, prints, and paintings is an interesting issue for color image processing. Several techniques have already been introduced to enhance faded color images, many of which approach the problem as color cast removal and use global illuminant estimation methods, such as the gray world or Von Kries assumptions. However, the use of simple global operators to eliminate the illuminant effects is not always suitable for enhancing faded images. Therefore, this article presents a color correction algorithm based on a multi-scale gray world algorithm for faded color images. First, the proposed method adopts a local process using multi-scale filters, and coefficients are obtained for each filtered image. Integration of the coefficients using weights is then performed to calculate the correction ratio for the red and blue channels in the gray world assumption. Finally, the corrected image is obtained by applying the integrated coefficients to the gray world algorithm. In experiments, the proposed method is able to reproduce corrected colors for both wholly and partially faded images, in contrast to previous methods. The proposed method also enhances the visibility of the input images using multi-scale processing.
INTRODUCTION
With the increasing interest in digital color correction of old pictures, prints, and paintings, special digital image processing techniques have recently been developed for the specific purpose of image enhancement and restoration. Old-style media invariably lose their original color over time. Thus, the phenomenon of color fading and correction of faded images have been explored through various experiments, in an attempt to correct faded images. For example, Frey 1 and Wilhelm 2 investigated the effect of temperature, humidity, and illuminants on color fading, and found that the fading rate differed according to the ink property, temperature, humidity, and illuminant. As However, old-style media will be distorted over time by the storage environment (illuminants, temperature, humidity, dye characteristics, and so on). Because of the very irregular nature of such transformations, we cannot properly estimate the transformations' characteristics. Therefore, we instead focus on finding a suitable compensation and enhancement method for digitally acquired faded images.
If the phenomenon of color fading is loosely regarded as a problem of color cast, computational color constancy methods might be applied to enhance the color of faded images. The general computational constancy model assumes that the measurement made by a sensor is proportional to the product of the reflectance and the illuminant. 3 The reflectance of an object can be calculated from the color by estimating the illuminant. Two basic but widely used computational constancy methods are the global gray world and white patch assumptions (the latter also known as Von Kries), 3 where the gray world assumption estimates the illuminant using the average color of the pixels, while the white patch method assumes that the color ''patch'' in the scene that reflects the maximum light possible for each band should be regarded as the reference white. However, the global white patch assumption does not hold for the correction of faded images, due to the change of the dye properties by illuminants. In other words, a white area in a printed color photo or document has no dyes, which usually means that it is subject to minimal changes compared to areas covered with dye.
A combination of these two methods has also been proposed, which uses a quadratic correction of two channels in order to satisfy both the gray world and white patch assumptions. 4 Yet, all these methods are based on the global adaptation mechanism of human vision and work point-wise on image data. Thus, while simple and efficient, such methods cannot correct partially faded images.
Land and McCann 5 later formulated a model of color constancy in human vision. This model, known as Retinex, can be roughly but simply described as a local white patch approach. The Retinex model of human vision has been the subject of study through the years and it has led to a number of different implementations and derived methods. Some recent instances of work derived from the Retinex theory can be found in Random Spray Retinex (RSR), 7 an implementation that uses stochastic sampling, and Spatio-Temporal Retinex-Inspired Envelope with Stochastic Sampling (STRESS), 8 the latter actually being a more complex framework for computing spatio-temporal image envelopes via stochastic sampling. Related to but not directly deriving from Retinex are also Automatic Color Equalization (ACE), 9, 10 an automatic local gray world approach, and RACE, 11 a framework based on stochastic sampling for merging local white patch and gray world approaches.
During the later stages of his research on the human visual system, Land came to formulate a different model which he named ''designator'' (in fact he even gave two distinct formulations). 12 From Land's designator was born one of the most famous algorithms related to Retinex, the so-called NASA Retinex 13, 14 (although in this particular case the term Retinex is a kind of misnomer). Various methods deriving from the NASA approach have been widely used, due to their accurate local illuminant estimation and visibility improvement, even given the presence of artifacts like halo effects. Jobson et al developed the designator theory into the single-scale Retinex (SSR) method and multi-scale Retinex (MSR) method as a combined form of the SSR method. 13, 14 As the MSR method initially experienced problems related to appropriate values for the parameters, chromatic imbalance, color distortion, noise, and graying out, a lot of research has been dedicated to improving these issues. Thus, a multi-scale Retinex with color correction was developed to overcome the graying-out phenomenon in large uniform areas in an image by adopting a color correction function to control the saturation of the final rendition. 15 In a recent article, an integrated multi-scale Retinex (IMSR) algorithm was introduced to improve the visibility in dark shadow areas of natural color images, while preserving a pleasing contrast without banding artifacts. 16 In this case, a Gaussian pyramid decomposition is used to reduce the computational time for generating a large-scale surround, while an integrated surround value for the luminance is applied to each channel to preserve the color balance in RGB color space. However, IMSR cannot correct faded images due to its preservation of the color balance in the input image.
Accordingly, this article proposes a multi-scale gray world algorithm to correct faded color images. First, multiscale masks, such as average filters, are used to estimate the faded color. Next, to apply the gray world algorithm, coefficients are calculated for each pixel in each filtered image, where the coefficients represent the correction ratios between green and the other color channels in the gray world assumption theory. In addition, an integrated coefficient map is also generated using the weighted sum of the coefficients calculated for each scale. The corrected image is then obtained by applying the integrated coefficient map to the gray world algorithm. Furthermore, the proposed method enhances the visibility of the input images using an additional tone reproduction process. First, the average filtered images are converted to luminance images to obtain an enhanced luminance image based on the weighted sum of the blurred luminance images. The enhanced luminance image is then used to calculate coefficients. Experiments show that the proposed method is able to enhance the color in the cases of both wholly and partially faded images.
PREVIOUS WORKS
Most color constancy methods assume that the perceptual color is a product of the reflectance and the illuminant. The reflectance of an object can be calculated from the perceptual color by estimating the illuminant. These methods are based on the theory of color image formation. The intensity I measured by a camera sensor at position (x, y) can be modeled as
where E(x, y) is the scaling factor resulting from the geometry of the patch at position (x, y), R(λ, x, y) denotes the reflectance at position (x, y), L(λ) is the radiance given off by the light source, and S(λ) describes the sensitivity of the sensors. 17 It is assumed that the response functions of the sensors have a very narrow band, i.e., they can be approximated by a delta function. Let λ i with i ∈ {r, g, b} be the wavelengths to which the sensors respond. Under a nonuniform illuminant, the intensity measured by the sensor can be modeled as follows 3 :
where E(x, y) is the factor that depends on the scene geometry, R i (x, y) is the reflectance for wavelength λ i , and L i (x, y) is the irradiance at position (x, y) for wavelength λ i .
Gray World Assumption Algorithm
The gray world assumption was originally proposed by Buchsbaum, 18 and it estimates the illuminant by assuming the existence of a certain standard spatial spectral average for the total visual field. For image I(x, y) with the size M × N, I R (x, y), I G (x, y), and I B (x, y) denote the red, green, and blue channels of the image, respectively. The average values, R avg , G avg , and B avg , are then calculated as 
The gray world assumption keeps the green channel unchanged, and defines the correction ratios for the red and blue channels asα
Thereafter, the red and blue pixels can be adjusted by
White Patch Algorithm
Under the Retinex theory, it is argued that in the human visual system the perceived white is associated with the local maximum cone signals. 5 As such, the method for white balance involves equalizing the maximum values of the red, green, and blue channels. To avoid disturbances to the calculation caused by a few bright pixels, pixels can be treated as clusters or a low pass of the image can be used. 6 The maximum values, R max , G max , and B max , are calculated as
As with the gray world assumption, the white patch algorithm keeps the green channel unchanged. This method defines the gains for the red and blue channels as
Thereafter, the adjusted red and blue channels are given by
Combining the Gray World and White Patch Retinex Algorithms The combined gray world and white patch Retinex (CGWR) method proposed by Edmund is based on the gray world assumption and white patch Retinex algorithms for white balancing and color restoration. 4 The CGWR adopts a quadratic mapping of intensities and keeps the green channel unchanged. The calculation of the correction coefficients for the red channel can be represented in a matrix form:
where (µ, v) are the parameters for the white balance. In Eq. (15), the columns represent the gray world assumption and white patch Retinex, respectively. Eq. (15) can be solved analytically, either with Gaussian elimination or using Cramer's rule. Thereafter, the corrected image, I CGWR,R (x, y), is calculated with (µ, v) as
The correction for the blue channel can be computed in an analogous manner. Figures 1(b) , (c), and (d) show the resulting images from the gray world assumption, white patch Retinex, and CGWR algorithms, respectively. The CGWR shows a better enhancement for white balance than the other two methods. However, in the resulting image using the white patch Retinex, the faded color is not completely corrected, since the white regions in old pictures and prints undergo minimal changes that are only related to the paper and have no influence from ink or dye. Therefore, the white patch Retinex is unsuitable for the restoration of faded images.
Multi-Scale Retinex Algorithm
To consider the local illumination effect, the multi-scale Retinex (MSR) uses Gaussian filters based on the center/surround model. 13, 14 The center/surround model simply estimates the luminance L around a pixel based on averaging the image I using a Gaussian filter, F n . The MSR composes the integrating multiple SSRs using different scales and weights, so that the resulting image, O, for Gaussian filters with various scales is averaged with different weights using the following computation:
F n (x, y) = Ke −(x 2 +y 2 )/σ 2 n , and where w n represents the weight of the n-th scale. While the result of a single Retinex using a small-scale Gaussian filter only includes the detail with graying out, the result of a single Retinex using a large-scale Gaussian filter includes more chromaticity information. Thus, the local contrast and color rendition can be simultaneously obtained based on the weighted summation of these results. Figure 1(e) shows the resulting image from the MSR. In Fig. 1(e) , the whole faded image is corrected with local contrast enhancement. Notwithstanding, the MSR method produces chromatic imbalance, i.e., color distortion.
PROPOSED MULTI-SCALE GRAY WORLD ALGORITHM
Pictures and prints fade due to time, the illuminant, the ink or dye properties with the ambient environment, and so on. Moreover, the fading phenomena of media differ according to the particular properties of the media. Therefore, to correct a faded image, the local operation method should also be considered. This article proposes a multi-scale gray world algorithm to correct faded color images, as shown in Figure 2 . The proposed method is composed of four steps. First, multi-scale average filters are used to estimate the faded color. Next, to apply the gray world algorithm, coefficients are calculated using multi-scale filtered images. In the gray world assumption theory, the coefficients represent the correction ratios for the red and blue channels based on the green channel. Thereafter, an integrated coefficient map is generated using the weighted sum of the coefficients calculated for each scale. The correction image is then obtained by applying the coefficient map to the gray world algorithm.
CALCULATION OF MULTI-SCALE CORRECTION COEFFICIENTS
The proposed method uses the gray world algorithm to estimate the illuminant, since this assumption is suitable for a faded image. In Eq. (6),α andβ in the gray world algorithm are the correction coefficients for the global operation and are applied to the red and blue channels as the correction ratios, respectively. In order to correct partially faded color, the proposed method uses a multi-scale technique to calculate multi-scale correction coefficients. To obtain the correction coefficients, a faded input image with the size of M × N is first blurred using average filters. The average filtered images, g i,k (x, y), are calculated by where k is the scale number used for three scales and i is the color channel, such as R, G, or B. Also, m k and n k are the sizes of the average filters. In the proposed method, the kernel sizes for the small and medium filters are 9 × 9 and 35 × 35, while the large filter is replaced by the average value of each channel to reduce computational costs. Figure 3 shows the average filtered images for each scale. In order to determine the appropriate filter sizes, we observed the sizes of faded color areas in the input images (under 1000 × 1000 pixels) used in the experiments. We thus found experimentally that the filter sizes which best fit the test set and also strike the balance between global and local correction are 9 × 9 and 35 × 35. If the small filter becomes any larger, then small areas of faded color are not processed. In contrast, if the small filter becomes any smaller, the resulting image would be grayish due to the characteristic of the gray world algorithm. The point-wise correction coefficients, α k (x, y) and β k (x, y), for each scale k are then calculated by Figure 9 . Selected resulting images for Fig. 9(b) . The weights for the selected images are equal to the weights in Fig. 7 . Figure 10 . Selected resulting images for Fig. 9(c) . The weights for the selected images are equal to the weights in Fig. 7 .
In Eqs. (20) and (21), the calculation of the coefficients is similar to Eq. (6) in the gray world assumption. To apply the correction coefficients to the gray world assumption, these coefficients should be integrated by scale using weights. Thus, the integrated correction coefficients, α sum (x, y) and β sum (x, y), are as follows: ( 
where w k is the weight for each scale k. The proposed method then adjusts the red and blue pixels using both α sum (x, y) and β sum (x, y). The resulting image,Î, is calculated bŷ
The color correction when using the proposed method is shown in Figure 4 . Fig. 4(b) and (d) show the resulting images with w 1 = 0.4, w 2 = 0.3, and w 3 = 0.3 for Fig. 4(a) and (c), which are wholly and partially faded input images, respectively. As shown, the wholly and partially faded images are almost corrected, and, in particular, in Fig. 4(d) , the reddish color bottom right is almost removed. Further, Figure 5 (c) and (d) are the integrated correction coefficients when using Eqs. (22) and (23) for Fig. 4(c) . Here, α sum (x, y) for the red channel had a ratio from 0.3 to 2.6, while β sum (x, y) for the blue channel had a ratio from 1 to 305. Likewise, the correction ratios for the reddish region, bottom right in Fig. 4(d) , were small to reduce the reddish color. Conversely, the correction ratios for the normal region on the left side in Fig. 4(d) were close to 1, representing preservation of the blue channel.
TONE REPRODUCTION OF FADED IMAGES
In previous experiments by Frey 1 and Wilhelm 2 the luminance of faded images was partially changed by the fading phenomena of ink or dye. Therefore, local tone reproduction is required to enhance the visibility of faded images. The ( proposed tone reproduction method applies an integrated multi-scale Retinex 8 instead of using just the green channel in Eqs. (20) and (21). The proposed faded color correction with tone reproduction method is shown in Fig. 2 . First, blurred images, g k , are converted to luminance images, L k , using an RGB to YCbCr conversion. The multi-scale luminance images are then integrated to produce integrated blurred images, L sum (x, y):
where ρ k is the weight for each k. In the proposed method, ρ k is determined according to IMSR. 8 A tone reproduced image is then obtained using the image formation model in Eq. (2).
The reproduced luminance image, L (x, y), is given by
where L in is the luminance of the input image and a is the adaptation parameter, which was determined as 0.8 according to IMSR. 8 Next, to calculate the correction ratio, L k is obtained using the average filter for each scale k. The correction ratio, CR i,k , is calculated as follows:
where the subscript i denotes the R, G, or B channel, respectively. In Eq. (29), the CR k for the green channel is also calculated. Thereafter, the integrated correction ratios ( are calculated in a similar way as follows:
Finally, the proposed method adjusts the red, green, and blue pixels using the CR k to give a resulting image with tone reproduction, as follows:
EXPERIMENTS AND RESULTS
The proposed method produces various resulting images according to the combination of weights. Therefore, to determine the final resulting image, the influence of each weight was observed, and Figure 6 shows the average saturation in CIELAB color space for every weight combination. In this experiment, we assumed that an input image was acquired in the sRGB color space by a digital scanner, and then transformed to CIELAB and CIELCH, used to obtain the perceived saturation (chroma) excluding lightness and hue. The average saturation of the resulting images was reduced depending on w 1 . In other words, w 1 was related to the correction of partial fading. Candidate images related to the positions circled in Fig. 6 were then selected, including a high saturation image for each w 1 . The selected candidate images are shown in Figure 7 .
In the second experiment, input faded images were compared with their resulting images to select a single candidate. Figure 8 shows the input images, and Figures 9 and 10 are the calculated candidate images for each input image (Fig. 8(b), (c) ). The final selected image was ( determined based on an observer preference test. The test was performed by 27 observers, 11 females and 16 males, aged 21-35. The eyesight of the observers was either normal or had been corrected with eyeglasses. The observers were classified into two groups, nine experts, in terms of experience in color imaging, and eighteen non-experts. In this experiment, we only used a display: a Samsung XL24 LCD with sRGB color space and a D65 white point (x = 0.314, y = 0.331) in a dark room (0.32 lx excluding the display). The experiments took on average 10 min, and the viewing distance was 50 cm. For the observer preference test, an input image and eight candidate images were shown on the display. The observers were then asked to select the most natural-looking between the candidate images. The scores were then totaled and the final resulting image was determined. The resulting images for the proposed method, which were then used to perform the second preference test, are shown from Figure 11 (j) to Figure 18 (j).
To assess resulting images, the pair comparison method 19 was performed using the same testing conditions as the previous preference test. For the pair comparison, three images were shown on the display: the input image in the first row as the reference, plus a pair of the resulting images in the second row selected among the nine possible methods. The observers were asked to select the image that better removed the color fading while maintaining a natural look among the processed ones. Each observer judged each pair of resulting images and assigned 1 to the selected image and 0 to the rejected image. In the case of a tie, 0.5 was assigned to each image. As shown in Figure 19 , the scores were then totaled and converted to a z-score19 with 95% confidence intervals, and most observers selected the Figure 19 . Pair comparison result with z-score and confidence intervals for each input image.
proposed method for the partially faded images. However, with wholly faded images, STRESS achieves a higher score, although the proposed method does not fall behind by much.
As a final experiment, the results from the proposed method were compared with those from the global gray world assumption, 3 global white patch algorithm, 3 CGWR, 4 MSR, 13,14 ACE, 9,10 RACE, 11 RSR, 7 and STRESS. 8 The parameters for each method are shown in Table I . When performing visual assessment of image quality, the proposed method produced better color enhancement of partially faded images such as Fig. 11 (j) and Figure 16 (j) when compared to other approaches. In particular, the reddish area in the bottom right of Fig. 11 (j) and 16(j) is effectively dealt with. 
CONCLUSION
This article proposed a multi-scale gray world algorithm that corrects color in both wholly and partially faded images. To correct the faded colors of a local region, multi-scale correction ratios are calculated using average filtered images based on the gray world theory. In faded images, the luminance is partially changed due to the fading phenomena of the ink or dye. Hence, a tone reproduction method is also applied to enhance the visibility of a faded image based on an integrated multi-scale Retinex. In experiments, the proposed method produced color correction for both wholly and partially faded images. However, further work is needed to find more robust and stable weights in a fully automatic mode.
